Background Caesarean section (CS) rates are rising globally. Longterm adverse outcomes after CS might be reduced when the optimal uterine closure technique becomes evident.
Introduction
Caesarean section (CS) is a frequently performed surgical intervention conducted in up to 27.2% of the deliveries in developed regions. 1 It can be life-saving for both mother and child, but CS has also been associated with several short-term and long-term adverse maternal outcomes.
Short-term adverse outcomes include infection, haemorrhage and venous thromboembolism. Reported long-term gynaecological symptoms after CS include abnormal uterine bleeding, pain related to menstruation or micturition, and possibly infertility. 2, 3 Long-term adverse outcomes related to a subsequent pregnancy following a CS comprise uterine dehiscence or rupture, placental adherence complications and caesarean scar pregnancy. Recent studies indicate a relation between long-term outcomes and the occurrence of a niche in the uterine caesarean scar. 4, 5 The presence of a niche on post-caesarean ultrasound has only been reported recently. A niche is defined as a triangular anechoic area at the site of the previous uterine caesarean incision 6 and can best be visualised with saline or gel contrast hysterosonography. 4 At the apex of a niche, residual myometrium thickness (RMT) is often small. Presence of a niche and small RMT may function as an intermediate for long-term outcomes, as they are related to gynaecological and reproductive outcomes such as postmenstrual spotting 4, 5 , uterine dehiscence 7 or rupture 8 , a higher incidence of complications when caesarean scar pregnancy occurs 9 , placental adherence problems 10 and failure of trial of labour 11 . Various hypotheses have been postulated recently to play a role in niche development after CS. One of these hypotheses is that closure technique of the uterine incision is associated with niche development and related adverse outcomes. 12 Despite the high incidence of caesarean deliveries worldwide, there is no uniform technique for performing a CS and uterine closure techniques vary. Variations include: singleversus double-layer closure, locked versus unlocked sutures and full thickness versus split thickness (including or excluding the decidual layer, respectively). It is still unresolved what the best combination is of the three different uterine suture techniques in relation to adverse outcomes. Previous reviews focused mainly on short-term outcomes or ultrasound findings and performed no correction for possible confounders. [13] [14] [15] Therefore, the aim of our systematic review and meta-analysis is to study the effect of three different closure techniques of the uterine incision at CS independently, first on ultrasound findings and second on intraoperative and short-term postoperative outcomes, long-term gynaecological symptoms and reproductive outcomes.
Methods
This systematic review and meta-analysis were performed according to recommendations in the Cochrane Handbook and we developed a review protocol based on the PRISMAstatement 16 which was registered in the PROSPERO International prospective register of systematic reviews; registration number CRD42017052958.
We searched PubMed, Embase.com and Wiley/Cochrane Library (S.S. and J.K.) from inception up to 7 April 2017 and World Health Organization/International Clinical Trials Registry Platform (WHO/ICTRP) trial database from inception up to 10 May 2017. The full search strategies for all the databases can be found in Appendix S1. All languages were accepted.
We included all published RCTs and prospective cohort studies that compared uterine closure techniques (singleversus double-layer closure, locked versus unlocked suturing or inclusion versus exclusion of the decidua) after a caesarean delivery, independent of the indication or number of previous caesarean or vaginal deliveries. We subdivided our study characteristics table in whether women had one or more previous CS. When co-interventions took place, such as blunt versus sharp abdominal entry, exteriorization of the uterus before suturing, closure of the peritoneum and the different use of suture material, studies were only included when correction for co-interventions was performed. Outcomes were divided into four categories: 1 Ultrasound findings after CS: residual myometrium thickness (RMT, mm, primary outcome), niche prevalence, healing ratio [%, defined as RMT/adjacent myometrium thickness (AMT) or RMT/(RMT + niche depth)]. 2 Intra-operative and short-term postoperative assessments: duration of operation (minutes), blood loss (millilitres), hospital stay (days), maternal infectious morbidity [fever, (wound) infection, need for antibiotic treatment]. 3 Gynaecological symptoms: post-menstrual spotting, dysmenorrhoea, chronic pelvic pain. 4 Reproductive outcomes: infertility, need for fertility treatment, pregnancy rate, caesarean scar pregnancy, uterine dehiscence or uterine rupture in subsequent pregnancy. We selected studies according to the PRISMA flowchart ( Figure S1 ). First, S.S. and I.J. independently screened titles and abstracts of the records. Secondly, the same reviewers assessed the full text of the possibly eligible articles based on this first screening. Subsequently, S.S. extracted data from the eligible studies using a data extraction form, based on the Cochrane Consumers and communication template. 17 I.J. checked the extracted data. From each included study we extracted data on items, specified in Appendix S2. When relevant data were not applicable directly from the written text, we contacted the authors for additional information.
Two independent reviewers (S.S. and I.J.) assessed the risk of bias of all included studies independently using The Cochrane Collaboration tool for assessing risk of bias. 18 We assessed six domains related to risk of bias for all included studies. We added a question to the tool to determine the additional risk of selection bias ('other bias') and checked whether correction for confounders (for non-randomised studies, NRS) or other surgical techniques (for RCTs) had been applied. Depending on the performed methods to reduce selection bias, 'other bias' was scored as low/unclear/high risk. When RCTs performed additional surgical techniques, this item was scored low/unclear/high depending on correction. Consequently, in prospective cohort studies, we scored items 'random sequence generation' and 'allocation concealment' as 'high risk of bias'.
Any disagreement between the reviewers as to study selection, data collection or risk of bias assessment, was resolved through discussion. If required, a third person and expert in the area was consulted (J.H.). We achieved final consensus between the three reviewers.
Our primary outcome was RMT measured by ultrasound. When measurements were repeated at different follow up, we used the latest ultrasound evaluation.
Data analysis was performed with REVIEW MANAGER 5.3.5 (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014). Results were presented as the average treatment effect with risk ratio (RR) in the case of dichotomous variables or weighted mean difference (WMD) in the case of continuous variables, 95% confidence intervals (CI), the estimates of I² and P-values. Additional information about the use and recalculation of data from included studies is available in Appendix S3. Random-effect meta-analysis for combining data was used. However, with a low number of studies it is not possible to obtain a reliable estimate for the between-study variance in a randomeffects analysis. 19 For this reason we used a fixed-effects model if the number of studies included was six or less. For each different closure technique we performed subgroup analysis for additional surgical techniques, if applicable.
We calculated statistical heterogeneity between studies with an I² test, according to Higgins. 20 Heterogeneity was considered low (when I² ≤ 25% or less), moderate (when I² 25-75%) or high (when I² > 75%). We determined potential publication bias statistically for our primary outcome using Egger's and Begg's test. 18 We performed predefined sensitivity analysis regarding our primary outcome for population (with or without previous CS), ultrasound evaluation (timing, method) and study characteristics such as design and quality (Appendix S4) to assess to what extent differences in these items affected the conclusions. We also stratified the results for risk of bias. A P-value <0.05 was considered statistically significant. Figure S1 shows the reviewing process of potentially eligible articles. Ultimately, we included 20 studies (15 053 women) in our meta-analysis. One study (n = 50) 21 evaluated our primary outcome without any of our secondary outcomes, resulting in 15 003 included women for secondary outcome evaluation. Additional information regarding the selection process is provided in Appendix S5. The overall methodological quality of included RCTs was moderate to high (Figure S2) . Three studies [22] [23] [24] were considered of high risk of bias for the item 'incomplete outcome data', due to incomplete follow-up data and imbalance in missing data across intervention arms. One study 25 did not report on blinding of the ultrasound examiner or on all prespecified outcomes (ultrasound at 6 weeks follow up) so it was scored as high risk of bias for both 'blinding of outcome assessment' and 'selective reporting'. All other RCTs were not considered to have a high risk of bias for one of the items in the tool. Overall quality for the prospective cohort studies was considered low ( Figure S2 ). As we used the same tool for randomised and non-randomised trials, with the first two items (randomisation and allocation concealment) consequently scored as high risk of bias for the four cohort studies, we looked at the remaining five items to determine overall risk of bias. Three of four cohort studies [26] [27] [28] were considered to have a high risk of bias for 'blinding of outcome assessment', as they did not report on blinding. Two studies 26, 29 were scored as high risk of bias for 'other bias', as they performed no correction for confounders. Egger's and Begg's tests to assess potential publication bias regarding our primary outcome were not statistically significant for single-versus double-layer closure (P = 0.98 and 1.00, respectively) or for locked versus unlocked sutures (P = 0.19 and 0.73, respectively). Table 1 shows the study characteristics and is divided into three parts; single-versus double-layer closure, locked versus unlocked closure, and inclusion or exclusion of the decidual layer. Three RCTs compared both single-versus double-layer and locked versus unlocked closure 22, 23, 30 and one prospective cohort study compared both single-versus double-layer closure and inclusion versus exclusion of the decidual layer. 27 A summary of our analyses for the three studied techniques and for all outcome measures is shown in Table 2 . The primary outcome (RMT) was studied in 665 unique women; in the single-versus double-layer group', 256 (50.4%) and 252 (49.6%) women were allocated, respectively. In the 'locked versus unlocked sutures group' 124 (48.8%) and 130 (51.2%) were allocated, respectively. A total of 97 women were included in both comparisons because they came from three studies 22, 23, 30 that initially compared three arms.
Results

Single-versus double-layer closure
We included fourteen RCTs [21] [22] [23] [24] [25] [30] [31] [32] [33] [34] [35] [36] [37] [38] and three prospective cohort studies [27] [28] [29] in the meta-analysis regarding singleversus double-layer closure.
Eight studies (n = 508, all RCTs) reported on RMT, which showed a statistically significant decrease in the single-layer group when results over all studies were pooled: weighted mean difference (WMD) À1.26 mm, 95% CI À1.93 to À0.58, P = 0.0003 ( Figure 1 ). Within the additional subgroups, a decrease in RMT was most obvious when locked sutures were used (test for subgroup difference: P = 0.01). Four studies (476 women, two RCTs and two prospective cohort studies) reported on niche prevalence, defined as 'anechoic area in anterior uterine wall' 27, 31 or 'severe defect with RMT < 2.3 mm' 22 with no difference between the groups (Figure S4.1) . Healing ratio was reported in three studies (n = 139, all RCTs) and the difference was statistically significant (WMD À7.74%, 95% CI À13.31 to À2.17, P = 0.006), which means that RMT as a proportion of AMT or of RMT + niche depth is on average 7.7% smaller after single-layer closure when results from these studies are pooled ( Figure S4.2) .
Operative time was studied in 11 studies (n = 13 267, ten RCTs, one cohort study) and was shorter (WMD À1.53 minutes, 95% CI À2.13 to À0.93, P < 0.00001, Figure S4.4) in the single-layer group. Other intraoperative and short-term postoperative outcomes were not different after single-or double-layer closure. (see Appendix S6 and Figure S4 .3, S4.5, S4.6 and S4.7.
Two studies (n = 7484, both RCTs) reported on dysmenorrhoea at a 5-month 31 and 3-year 24 follow up, which occurred more frequently in the single-layer group (RR 1.23, 95% CI 1.01-1.48, P = 0.04) (Figure 2A) .
One study reported on infertility ( Figure S4 .8), applied fertility treatment ( Figure S4 .9) and subsequent viable pregnancy rate ( Figure S4 .10) after single-versus double-layer closure 3 years after CS, which were similar in both groups. We combined the prevalence of uterine dehiscence and rupture, which was studied in three studies (n = 2379, all RCTs) and was equal in both groups (RR 1.91, 95% CI 0.63-5.74, P = 0.25) ( Figure 2B ). We could not distinguish between additional intervention (locked versus unlocked) or first versus repeat CSs as these were not reported. Additional information can be found in Appendix S7.
Locked versus unlocked sutures
Five studies (three RCTs 22, 23, 30 and two prospective cohort studies) 26 ,39 compared locked and unlocked sutures. Residual myometrium thickness was reported in four studies (n = 254, two RCTs and two prospective cohort studies) and showed a statistically significant decrease when locked sutures were used (WMD À1.62 mm, 95% CI À2.11 to À1.13, P < 0.00001; Figure S3 .1). Subgroup analysis revealed that the difference was more obvious in the case of double-layer closure (test for subgroup difference: P = 0.002). Additional information regarding heterogeneity is provided in Appendix S8. Niche prevalence, defined as 'bell-shaped area under the scar' 39 or 'severe defect with RMT <2.3 mm', 22 was reported in two studies (n = 90, both RCTs) and showed no statistically significant difference (RR 1.23, 95% CI 0.93-1.61, P = 0.14; Figure S5 .1). Healing ratio was reported in one study 22 including 48 women, and was statistically significant lower for double-layer locked sutures (WMD À13.00%, 95% CI À25.46 to À0.54, P = 0.04; Figure S5. 2) than for double-layer unlocked sutures.
Three RCTs (n = 420) reported more intraoperative blood loss after locked closure (WMD 37.29 ml, 95% CI 15.31-59.26, P = 0.0009; Figure S5 .3). Operative time, studied in four RCTs and one cohort study (562 women), was shorter when locked sutures were used compared with unlocked sutures (WMD À0.79 minutes, 95% CI À1.57 to À0.01, P = 0.05, Figure S5 No studies that compared locked with unlocked sutures reported on gynaecological symptoms. One study 30 reported on uterine dehiscence, but only at repeat CS. The reported difference after locked versus unlocked sutures in the case of , Higgins test for heterogeneity; NE, not estimable (when two studies were included); NA, not applicable (when one study was included). *Weighted mean differences are displayed.
double-layer closure did not reach statistical significance (RR 2.14, 95% CI 0.22-21.10, P = 0.51; Figure S5 .6).
Inclusion versus exclusion of the decidual layer
Two studies (n = 157) compared inclusion versus exclusion of the decidual layer. One RCT 40 evaluated this technique using single-layer locked sutures and one prospective cohort study 27 using double-layer unlocked sutures. Neither of these studies reported on residual myometrium thickness. Both studies reported on niche prevalence, defined as 'deviation of uterine incision towards anterior abdominal wall' 40 or 'anechoic area in anterior uterine wall' 27 , which was significantly higher when the decidual layer was excluded (RR 1.71, 95% CI 1.11-2.62, P = 0.02; Figure S6 .1). Healing ratio was reported by one study 40 and was more favourable after inclusion than after exclusion of the decidua (WMD À0.09%, 95% CI À0.17 to À0.01, P = 0.03; Figure S6 .2).
We observed no differences in intraoperative and shortterm postoperative, gynaecological and reproductive outcomes. Explanatory text can be found in Appendix S9.
Additional analyses
Our predefined sensitivity analyses for single-versus double-layer closure did not change our primary outcome (Figure S7 .1 and S7.2 regarding previous CS yes/no, Figure S7 .3 and S7.4 regarding high versus low risk of bias studies, respectively). We included only RCTs regarding single-versus double-layer closure, so sensitivity analysis was not necessary. Additional sensitivity analyses regarding locked versus unlocked closure did not change the primary outcome RMT ( Figure S8 .1 and S8.2 regarding previous CS yes/no, Figure S8 .3 and S8.4 regarding high versus low risk of bias studies, respectively). RMT after locked versus unlocked closure was still significantly thicker after unlocked closure including only RCTs 22, 23, 30 (WMD À1.67 mm, 95% CI À2.19 to À1.14, P < 0.00001; Figure S8.5), whereas it was not statistically significant different including one cohort study 26 (WMD À1.30 mm, 95% CI À2.66 to 0.06, P = 0.06; Figure S8 .6). Other preplanned sensitivity analyses regarding method of ultrasound evaluation could not be performed because of insufficient data.
Discussion
Main findings
Our systematic review and meta-analysis clearly shows that double-layer closure with unlocked sutures is more advantageous than single-layer closure with locked sutures regarding RMT, healing ratio and dysmenorrhoea. Exclusion of the decidua decreased niche prevalence and improved the healing ratio.
Operative time decreased by 1.5 and 0.8 minutes after single-layer closure and when locked sutures were used, respectively, the latter also resulting in an increase of 37 ml blood loss. Although statistically significant, these perioperative differences are in our opinion not clinically relevant. We found a similar incidence of uterine dehiscence or rupture after single-versus double-layer closure. We were not able to draw any conclusions on other reproductive outcomes because of insufficient data.
Strengths and limitations
This is the first meta-analysis that evaluated the effect of three different uterine closure techniques after CS on ultrasonographic short-and long-term maternal outcomes. A strength of this review is that we followed the PRISMA guidelines for systematic reviews 16 and included only studies that specifically evaluated single-versus double-layer closure, locked versus unlocked closure or inclusion versus exclusion of the decidua, or that corrected for surgical co- interventions. By reporting our results separately for various closure variables we demonstrated that apart from single-layer versus double-layer, locked versus unlocked and decidual inclusion or exclusion also play a role. Additionally, the robustness of our findings concerning our primary outcome was confirmed in sensitivity analyses excluding studies that included women with previous CSs, as this may be a confounder, but also after excluding cohort studies or studies with a high risk of bias.
Our study also includes some limitations. Only a limited number of studies reported on long-term outcomes. This underlines the need for future studies evaluating these outcomes that are highly relevant for patients and societal perspectives. Another limitation is that many studies did not report on other relevant surgical co-interventions but did include women with previous CS, all of which may serve as confounders. Our meta-analysis was potentially limited by the high statistical heterogeneity as well as the included populations (inclusion of women with previous CSs, elective, decision during labour or emergency CS), methods of ultrasound (with or without gel or saline contrast, transvaginal or transabdominal approach) and timing of niche measurement (varying from several days to 2 years after CS) but we could not perform sensitivity analyses because of insufficient data. It has been demonstrated recently that the number of previous CS, 41 the use of transvaginal ultrasound and application of gel or saline, 12 and the time between the CS and ultrasound evaluation 23, 31, 33, 42 influence ultrasonographic measurements of the niche. We acknowledge that due to a limited number of studies assessing our primary outcome, sensitivity analyses were limited, as well as assessing publication bias, as the power of the available tests is very low when fewer than ten studies are included in the meta-analysis. Insufficient data regarding long-term outcomes reduces the power of our study and as a consequence the ability to identify any difference. Lastly, we do realize that there is no consensus on the minimal number of studies required to perform a random-effect meta-analysis and hence the minimum of seven studies is to some extent arbitrary and can be debated.
Interpretation
We attempted to give an overview of the effect of three different uterine closure techniques separately, which makes our systematic review more extensive than previous reviews on this topic. Our results are in line with the results of these reviews concerning short-term outcomes 13, 14 or RMT 13, 15 when single-and double-layer uterine closure were compared. Moreover, Roberge et al. 13 could not identify enough studies to report ultrasound findings after unlocked versus locked sutures. We were able to include five additional studies [21] [22] [23] 31, 34 for single-versus doublelayer closure reporting on scar healing, and five studies 22, 23, 26, 30, 39 for locked versus unlocked suturing. Long-term maternal outcomes after CS are registered insufficiently. We did not identify studies that reported on ultrasound findings related to gynaecological and reproductive outcomes. However, RMT may very well serve as an intermediate for clinical outcomes, as a smaller RMT has been associated with unsuccessful trial of labour when measured during pregnancy 11, 43 as well as the development of uterine dehiscence or rupture during a vaginal delivery after CS. 7, 8 RMT and in particular the so-called healing ratio (RMT/AMT) may provide information on the strength of the anterior uterine wall. In previous research, this ratio was significantly smaller in women who were suffering from post-menstrual spotting than in women who were not (P = 0.03). 5 Moreover, the ratio between the niche depth and the RMT in the non-pregnant uterus was correlated with uterine dehiscence at repeat CS (P = 0.007). 7 Additionally, the prevalence of niches is a relevant clinical outcome, as it has been associated with postmenstrual spotting as well. 4, 5 This suggests that niche features, and in particular the healing of the uterine scar, as a proportion of the non-scarred anterior wall may be the intermediate of long-term complications of a CS. Finally, a niche and associated intrauterine fluid accumulation may theoretically hamper implantation or sperm penetration and therefore negatively influence pregnancy rates. 44 Our analyses indicate that RMT and a niche may be intermediates for long-term outcomes but future studies are needed to evaluate this in larger studies measuring these outcomes. To facilitate future meta-analyses, we suggest performing ultrasonographic evaluation after CS in a standardised way. Furthermore, when informing patients about the mode of delivery, it is relevant for women to know the possible long-term complications. Given the impact of gynaecological and reproductive problems on patients' quality of life but also on societal costs, it is relevant to study closure techniques during a CS. We identified one study in the trial register comparing single-versus double-layer closure using unlocked sutures which is powered for the evaluation of postmenstrual spotting and time to pregnancy (www.trialregister.nl, NTR5480).
Conclusion
Our results indicate that double-layer unlocked closure is preferable to single-layer and locked closure regarding RMT and healing ratio, and that double-layer closure results in less dysmenorrhoea. Inclusion of the decidua seems to be optimal regarding healing ratio and niche development. The results of this meta-analysis all point to better scar healing on ultrasound after double-layer, unlocked uterine closure including the decidual layer. However, future studies that measure niche features and their relation with long-term consequences are needed before solid recommendations can be made on the preferred closure technique during a CS.
Disclosure of interests
Full disclosure of interests are available to view online as supporting information.
Contribution to authorship
The study was conceived by JH, CG, CL and LV. SS and JK performed the literature search. SS and IJ collected the data. Interpretation and analysis of data was performed by PV, SS, LV and WH. The first draft was written by SS, IJ, WH and JH and critically reviewed by LV, CL and CG. All co-authors approved the final version of the manuscript to be published.
Guarantor of the review
Judith A.F. Huirne.
Details of ethics approval
Not applicable.
Funding
No funding.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Figure S1 . Method of literature search. Figure S2 . Risk of bias of individual studies. Figure S3 . Forest plot primary outcome for locked versus unlocked sutures.
Figures S4. Forest plots secondary outcomes regarding single-versus double-layer closure (S4.1-S4.10).
Figures S5. Forest plots secondary outcomes regarding unlocked versus locked sutures (S5.1-S5.6).
Figures S6. Forest plots secondary outcomes regarding exclusion versus inclusion of the decidua (S6.1-S6.4).
Figures S7. Sensitivity analyses regarding the primary outcome (RMT) for single-versus double-layer closure.
Figures S8. Sensitivity analyses regarding the primary outcome (RMT) for locked versus unlocked sutures.
Appendix S1. Full search strategy. Appendix S2. Items for data extraction. Appendix S3. Additional information regarding use and recalculation of data collected from included studies. Appendix S4. Predefined items for sensitivity analyses. Appendix S5. Additional information regarding systematic literature search.
Appendix S6. Single-versus double-layer closure -intraoperative and short-term postoperative outcomes.
Appendix S7. Single-versus double-layer closurereproductive outcomes.
Appendix S8. Locked versus unlocked closure -heterogeneity.
Appendix S9. Inclusion versus exclusion of the decidual layer -secondary outcomes. &
